Sepsis is a major cause of morbidity and mortality in critically ill patients, and despite advances in management, mortality remains high. In survivors, sepsis increases the risk for the development of persistent acquired weakness syndromes affecting both the respiratory muscles and the limb muscles. This acquired weakness results in prolonged duration of mechanical ventilation, difficulty weaning, functional impairment, exercise limitation, and poor health-related quality of life. Abundant evidence indicates that sepsis induces a myopathy characterized by reductions in muscle force-generating capacity, atrophy (loss of muscle mass), and altered bioenergetics. Sepsis elicits derangements at multiple subcellular sites involved in excitation contraction coupling, such as decreasing membrane excitability, injuring sarcolemmal membranes, altering calcium homeostasis due to effects on the sarcoplasmic reticulum, and disrupting contractile protein interactions. Muscle wasting occurs later and results from increased proteolytic degradation as well as decreased protein synthesis. In addition, sepsis produces marked abnormalities in muscle mitochondrial functional capacity and when severe, these alterations correlate with increased death. The mechanisms leading to sepsis-induced changes in skeletal muscle are linked to excessive localized elaboration of proinflammatory cytokines, marked increases in free-radical generation, and activation of proteolytic pathways that are upstream of the proteasome including caspase and calpain. Emerging data suggest that targeted inhibition of these pathways may alter the evolution and progression of sepsis-induced myopathy and potentially reduce the occurrence of sepsis-mediated acquired weakness syndromes. (Crit Care Med 2009; 37[Suppl.]:S354 -S367)
A cquired weakness syndromes are a major cause of mortality and long-term morbidity in critically ill patients but the true occurrence rate and prevalence of these syndromes are not known (1) (2) (3) (4) (5) . The classic descriptions of these syndromes have largely been based on electrophysiologic testing and defined by the presence of either a primary neuropathic process or a primary myopathic process, but it is now apparent that many patients who develop clinically recognizable weakness as a result of critical illness manifest findings consistent with both a neuropathy and a myopathy (1) (2) (3) (4) (5) (6) . Furthermore, a recent study examined muscle biopsies from a limited number of patients who were persistently weak after recovery from acute respiratory distress syndrome (7) . Interestingly, all muscle biopsies were markedly abnormal, findings which could not be predicted based on the electrophysiologic diagnosis. As such, it remains unclear how to best diagnose intensive care unit (ICU)-acquired weakness because significant physiologic changes can develop in muscle without detectable electrophysiologic abnormalities. If these alterations occur in acutely ill patients in the ICU, it is reasonable to postulate that the prevalence of ICU-acquired myopathy may be much higher than previously reported.
The major clinical findings in ICUacquired weakness are limb muscle weakness and respiratory muscle weakness. Long-term consequences of peripheral muscle weakness include functional impairment, exercise limitation, and lower than normal health-related quality of life, sometimes persisting for years after discharge from the ICU (8 -10) . Importantly, the presence of respiratory muscle weakness results in prolonged duration of mechanical ventilation, difficulty weaning patients from the ventilator, and recurrence of respiratory failure after extubation (11, 12) . Although successful weaning depends on a number of factors, it is ultimately the balance between the load imposed on the respiratory muscles caused by alterations in lung and chest wall mechanics (e.g., increased airway resistance, decreased compliance) and the ability of the ventilatory pump to support this load that allows resumption of spontaneous ventilation (13, 14) . Therefore, successful weaning is critically dependent on the strength and endurance of the respiratory muscles. Studies suggest that diaphragm fatigue does not contribute to weaning failure (15) . However, when the respiratory muscles are weak, as is frequently the case, successful weaning can only occur when respiratory muscle strength and endurance improve.
Clinical Assessment of Skeletal Muscle Strength in Critically Ill Patients
Early clinical detection of either peripheral and/or respiratory muscle weakness is difficult. The complexities in performing electrophysiologic testing include the requirement for neuromuscular specialists with expertise in the technique, variabilities in interpretation of results, and technical limitations due to treatment modalities that may interfere with accurate placement of electrodes, such as wound dressings, arterial catheters, or peripheral edema (4) . In addition, for maximum reliability, testing requires patient cooperation. These factors contribute to the lack of routine use The authors have received funding from the National Institutes of Health (HL 080609 and HL 069821 to LAC; HL 080429, HL 081525, and HL 063698 to GSS). of these techniques particularly because the availability of neurologists with this expertise is limited. As a result, electrodiagnostic testing is usually requested after clinical recognition of weakness, which typically occurs late in the evolution of the disease.
Peripheral muscle involvement is usually recognized clinically when patients are recovering from the acute phase of illness, and upon awakening, are noted to be weak. The severity of peripheral muscle weakness is widely variable and can be profound in some cases, manifesting symptoms of paralysis (16) . The most widely used clinical tool to assess peripheral muscle strength at the bedside is the Medical Research Council examination, which incorporates strength testing of three muscle groups in each limb with assignment of scores on a scale of 1 to 5. A Medical Research Council score of Ͻ48 is indicative of clinically significant weakness (11) . Although it has been suggested that these measurements are reliable and reproducible, patients must be awake and fully cooperative. This restricts the utility of this tool in determining the presence of weakness, particularly early in the course of acute illness.
Similarly, recognition of acquired respiratory muscle weakness most often occurs clinically when patients are difficult to wean from mechanical ventilation. Bedside assessment of respiratory muscle strength in critically ill patients typically involves measurements of maximal inspiratory pressure generation and maximal expiratory pressure generation (17) . However, in mechanically ventilated patients, measurements are often inaccurate because they are highly dependent both on the operator as well as the volitional effort of the patient. Even when standardized techniques are used by trained investigators, these measurements are unreliable (18) . As a result, it is difficult, using these methods, to diagnose acquired respiratory muscle weakness early in the course of critical illness.
On the other hand, it is important to recognize that magnetic stimulation techniques are available to objectively measure respiratory muscle strength and peripheral muscle strength in critically ill mechanically ventilated patients (19) . These techniques can be performed reproducibly without the limitation of an awake cooperative patient and also provide the opportunity to detect early reductions in muscle strength. Several studies have utilized anterolateral mag-netic phrenic nerve stimulation to measure diaphragm pressure generation in response to supramaximal twitch stimulation (T w P di ) in mechanically ventilated patients in the ICU (15, 20) . In patients who were thought to be ready for weaning from mechanical ventilation, Laghi et al found marked decrements in T w P di values which averaged 8 to 10 cm H 2 O (15). Watson et al also measured T w P di in 33 critically ill mechanically ventilated patients with a variety of diagnoses and duration of ventilation, and found values averaged 10.14 cm H 2 O (20) . These data reveal diaphragm strength is profoundly reduced in critically ill patients, with values averaging between 23% and 36% of normal (20, 21) . In addition, these studies reported a wide range in the severity of respiratory muscle weakness with some patients showing T w P di values as low as 1 to 2 cm H 2 O (20) . These nonvolitional objective measurements have also been used to assess peripheral muscle strength in a number of patient populations including ICU patients. Harris et al assessed adductor pollicus strength in a small group of critically ill patient and noted severe peripheral muscle weakness, with values as low as 30% of controls (22) . Magnetic stimulation has also been used to objectively measure the strength of lower limb muscles (19, 23) . Use of such techniques is therefore likely to provide clinically relevant information regarding the physiologic evolution of weakness in critically ill patients, particularly in the early stages of acute illness.
Electrodiagnostic testing, use of the Medical Research Council examination, and measures of maximal inspiratory pressure and maximal expiratory pressure generation all require an awake cooperative patient, whereas magnetic stimulation techniques provide objective measurements of strength independent of these confounding variables. Nonetheless, there has been a fair amount of interest in developing more simplified approaches to assess weakness in critically ill patients (24 -26). Recently, it has been argued that, because the therapeutic armamentarium for ICU-acquired weakness is virtually nonexistent, it is not essential to make a precise physiologic diagnosis (24). On the other hand, it is important to realize that no study has systematically employed objective nonvolitional functional measurements of muscle strength to determine the prevalence or the time course of development of respiratory muscle dysfunction and/or limb muscle weakness in critically ill patients. Emerging data suggest that use of pharmacologic agents and other interventions may very well impact the occurrence and progression of ICU-acquired weakness syndromes, and potentially improve recovery. Use of a simplistic, less sophisticated approach in clinical trials, however, is unlikely to result in sufficiently scientifically rigorous outcome measurements that would provide clear evidence as to whether or not these agents or interventions improve strength or prevent wasting. Furthermore, the fact that our progress in management and treatment of these syndromes is in its infancy provides a strong rationale for an approach that systematically incorporates both the available scientific evidence and best diagnostic tools to critically address these issues, rather than retreating to simplistic tactics. Failure to use more sophisticated methods may very well impede advancements in understanding and development of effective treatments for critical care-acquired weakness.
Sepsis Is a Major Risk for Acquired Weakness in Critically Ill Patients
Although a number of factors have been associated with prolonged weakness in critically ill patients, sepsis (including septic shock, systemic inflammatory response syndrome of infectious and noninfectious etiologies, multiple organ failure) is a major risk (4, 27) . Although Bolton et al (28) were the first to suggest that critical illness-acquired weakness syndromes were associated with sepsis, systemic inflammatory response syndrome, and multiple organ failure, additional prospective and retrospective clinical studies confirm this observation (29 -31). Importantly, the reported frequency of prolonged weakness in sepsis is extremely high, occurring in 70% to 100% of these patients (29 -31). Furthermore, these studies provide clear evidence that sepsis produces profound decrements in both limb and respiratory muscle function.
In the last decade, much attention has focused on studies showing that mechanical ventilation per se induces deleterious effects on the diaphragm (32-35). However, the clinical importance of ventilator-induced diaphragm dysfunction and its relationship to ICU-acquired weakness is still unclear. For example, ventilatorinduced diaphragm dysfunction does not S355 Crit Care Med 2009 Vol. 37, No. 10 (Suppl.) produce peripheral muscle weakness (36). Furthermore, the mode of ventilation is a major factor in producing ventilator-induced diaphragm dysfunction (37-39). Although Levine et al elegantly validated that diaphragm atrophy develops in brain dead patients who were mechanically ventilated using a controlled mode (32), this study did not include assessments of diaphragm strength. In addition, an international survey suggested that controlled mechanical ventilation is not commonly used in the ICU (40) . Finally, if mechanical ventilation is the major cause of respiratory muscle weakness in critically ill patients, ventilatory support theoretically would prohibit successful weaning in any patient who requires mechanical ventilation because of persistent ongoing respiratory muscle injury. As such, more studies are required to address the importance of ventilator-induced diaphragm dysfunction in patients and its relationship to ICU-acquired weakness. In contrast, both animal and human data showed that sepsis-induced respiratory and limb muscle weakness is a major risk for development of ICU-acquired weakness.
Manifestations of Sepsis-Induced Myopathy
There is abundant scientific evidence that sepsis induces a myopathy characterized by reductions in force-generating capacity, atrophy (loss of muscle mass), and altered bioenergetics. A variety of animal models including cecal ligation perforation (CLP), endotoxin administration, live bacteria injection, pneumonia, and cytokine induction have been used to assess skeletal muscle function in sepsis. Interestingly, most functional assessments of skeletal muscle in sepsis have examined the respiratory muscles; fewer data exist for limb muscles. The following sections will review the manifestations of sepsis-induced changes in muscle.
Sepsis Reduces Skeletal Muscle-Specific Force Generation
It is important to understand that muscle strength is dependent on two factors: muscle force generation for a given amount of muscle mass and total muscle mass. These factors represent two distinct aspects of muscle function and can alter muscle strength independently of each other. This is a critical concept be-cause the processes that regulate and modulate muscle force generation for a given amount of muscle mass (force per cross-sectional area) and the processes that regulate and modulate total muscle mass are different. Most of the studies described in this section evaluated physiologic function in muscle by assessing muscle-specific force generation, a measure of muscle strength where force is normalized to muscle cross-sectional area, thereby taking into account any changes in muscle mass. Furthermore, muscle wasting can occur without producing changes in muscle-specific force generation. For example, in a model of prolonged nutritional deprivation, Lewis et al showed that diaphragm mass was reduced by 50%, but diaphragm-specific force generation was normal (41) . In addition, Le Bourdelles et al showed that after 48 hrs of mechanical ventilation, limb muscle mass is reduced significantly without concomitant reductions in limb muscle-specific force generation (36). Therefore, although force reductions and muscle wasting often occur simultaneously, it is important to understand that reductions in muscle-specific force generation may exist in the absence of atrophy and atrophy may occur without reducing muscle-specific force generation. Likewise, enhancing muscle mass does not necessarily improve musclespecific force generation, as demonstrated in studies that assessed muscle contractile performance in myostatin knockout animals (42) . Finally, experimental evidence suggests that pharmacologic interventions can differentially affect muscle-specific force generation and wasting (43, 44) .
In one of the first studies evaluating respiratory muscle contractile performance in sepsis, Hussain et al showed that injection of Escherichia coli endotoxin in spontaneously breathing dogs induced hypercapneic respiratory failure (45) . Subsequently, a number of investigators demonstrated that diaphragm contractile performance is profoundly reduced in several different animal models of sepsis and infection, including CLP, endotoxin administration and pneumonia (46 -53) ( Fig. 1 ). Declines in respiratory muscle strength occur within hours of induction of sepsis and are rapidly progressive. Importantly, these decrements in diaphragm-specific force generation (force normalized per muscle crosssectional area) occur before any evidence of reductions in diaphragm mass or diaphragm protein content (54) .
Similar data indicate that sepsis also alters peripheral muscle-specific force generation. Supinski et al examined the effects of varying doses of endotoxin and observed Ͼ50% reductions in forcegenerating capacities of both the diaphragm and limb muscles (55) (Fig. 2) . Recently, Eikermann et al examined force generation and fatiguability in the adductor pollicus muscle of critically ill septic patients, comparing these functional parameters in patients with normal individuals before and after cast immobilization (56) . Importantly, 2 wks of lower arm immobilization had no effects on force generation in controls, but force genera- tion was severely reduced in septic patients ( Fig. 3) .
In contrast, pneumonia markedly impairs diaphragm force generation, but peripheral muscle force is preserved (51) . Likewise, cardiac specific overexpression of tumor necrosis factor (TNF)-␣ reduces diaphragm strength without altering limb muscle function (57) . Studies also indicate that sepsis induces more abundant cytokine levels in the diaphragm compared with limb muscle, raising the question as to whether or not the respiratory muscles are more susceptible to sepsis-induced injury (58) . If this is true, it is conceivable that respiratory muscle weakness may represent the earliest manifestation of sepsis-induced myopathy.
Sepsis Reduces Skeletal Muscle Mass
The earliest important physiologic alteration in response to acute sepsis is a reduction in muscle-specific force-generating capacity. However, in more prolonged models of sepsis, muscle wasting is a prominent feature and is thought to result from increased proteolysis and decreased protein synthesis. A number of recent reviews have highlighted the current knowledge regarding the mecha-nisms underlying muscle atrophy in a variety of conditions including sepsis (59 -63) . For example, in the CLP model, data indicate that limb muscle protein content diminishes due to increased proteolysis (64). Rossignol et al also found reductions in limb muscle force generation and mass, using a prolonged model of CLP (65) . Wasting also occurs in both respiratory and limb muscles with prolonged endotoxemia (66, 67) and in other models of protracted infection (68) . Although experimental models of pneumonia have not completely addressed atrophy and protein loss, Langen et al described significant muscle wasting and impaired muscle regeneration in a transgenic mouse model of chronic pulmonary inflammation (69) . These data, therefore, provide evidence that loss of muscle mass is also an important aspect of sepsisinduced muscle weakness.
Sepsis Alters Skeletal Muscle Bioenergetics
Alterations in mitochondrial bioenergetic function are thought to play a critical role in sepsis-induced organ failure and there are a number of recent reviews on this topic (70 -75) . Both human and animal data indicate that sepsis induces mitochondrial dysfunction in respiratory and limb muscles, and these alterations are thought to be important in the pathogenesis of sepsis-induced muscle dysfunction. Brealey et al demonstrated decreased respiratory chain complex I activity and lower adenosine triphosphate (ATP) levels in skeletal muscle biopsies taken from critically ill patients in septic shock (76) . Furthermore, they showed a significant correlation between muscle mitochondrial dysfunction and death in sepsis. In follow-up studies, this group reported similar alterations in complex I activity and ATP levels in hind-limb muscle of rodents as well as significant decrements in bioenergetics in other tissues (77) . Interestingly, they also demonstrated that, despite severe metabolic disturbances in muscle, gross histologic damage or evidence of cell death is absent; this underscores the importance of performing physiologic assessments when evaluating the effects of sepsis in muscle. Although bioenergetic function in sepsis is markedly abnormal, the extent to which these mitochondrial derangements participate in the development and progession of sepsis-induced prolonged ICU-acquired weakness, or in the recovery process, however, are yet to be determined.
Subcellular Sites of Skeletal Muscle Dysfunction in Sepsis
Sepsis-induced myopathy may produce muscle dysfunction by effecting a number of sites involved in excitation contraction coupling including the sarcolemma, the sarcoplasmic reticulum, the contractile apparatus, and the mitochondria.
Sarcolemma
Much attention has been given to the discovery that muscle becomes electrically inexcitable during the development of acquired weakness in critically ill patients (78 -81) . This has led to the concept that ICU-associated weakness represents an acquired channelopathy involving dysregulation of sodium channels. It is important to note, however, that much of these data with respect to critical illness myopathy has been generated in animal models using denervation with concomitant administration of highdose steroids and should not be extrapolated to sepsis. However, Rossignol et al recently showed evidence of decreased muscle membrane excitability and up- . Force-frequency relationships in patients with sepsis and multiple organ failure. Forcefrequency curves of adductor pollicis muscle during supramaximal ulnar nerve stimulation before performing the fatigue protocol (mean Ϯ standard deviation). Force is significantly lower in patients with sepsis and multiple organ failure (full circles; n ϭ 13) compared with healthy volunteers (triangles; n ϭ 7) both before (open triangles) and after (solid triangles) 2 wks of immobilization of their lower arm and thumb. *p Ͻ .01 vs. volunteers before and after immobilization; #p Ͻ .05 vs. volunteers before immobilization. These data indicate that sepsis significantly reduced muscle force generation in peripheral muscle whereas immobilization had no effect. Reproduced with permission from Eikermann et al (56) . regulation of Nav 1.5 in a chronic sepsis model, corroborating findings in the denervation steroid model (82) . Additional studies will be needed to determine whether this process plays a central role in the pathogenesis of sepsis-induced myopathy.
On the other hand, there is clear evidence that sepsis causes marked sarcolemmal injury in muscles (83) (84) (85) . Using a fluorescent tracer dye (procion orange) which does not enter cells with intact membranes, Lin et al found that diaphragm myofibers of both lipopolysaccharide treated and CLP animals demonstrated a markedly greater level of sar-colemmal damage than in control animals (83) ( Fig. 4 ). In addition, sarcolemmal damage also increased in the soleus muscles of the CLP group. Furthermore, these alterations were linked to excessive nitric oxide generation and alterations in diaphragm myofiber membrane potential (83) . Importantly, institution of mechanical ventilation in septic animals prevented sarcolemmal damage in the diaphragm (84) , suggesting that mechanical ventilation under these conditions was not harmful but, in fact, protective.
Although it is not known if sepsisinduced sarcolemmal injury occurs in patients, this is nevertheless an important issue to consider. For example, the beneficial effect of exercise on skeletal mus-cle are well described; however, exercise increases cytokines and free-radical generation in muscle (86) . In addition, Dumont et al recently showed that reloading muscles induces inflammatory cell infiltration and worsens sarcolemmal injury (87) . As a result, it is conceivable that exercising patients with damaged muscles could potentially propagate muscle inflammation and injury, or delay recovery. Such issues should be carefully examined in the context of early mobilization and exercise interventions, and particularly in patients with sepsisinduced acquired weakness.
Sarcoplasmic Reticulum
The skeletal muscle ryanodine receptor (RyR1) is a highly redox-senstive ion channel, modulated by hydrogen peroxide and nitric oxide (NO) under physiologic conditions (88 -90) . However, a number of studies suggest that resting intracellular calcium (Ca ϩϩ ) levels are increased in muscle in sepsis, and although most studies have examined this issue in cardiac muscle, there are data for skeletal muscle. For example, Benson et al showed that Ca ϩϩ uptake and content in limb skeletal muscle are increased during sepsis and that these high Ca ϩϩ concentrations are critically involved in regulation of muscle protein breakdown in sepsis (91) . On the other hand, Liu investigated the in vivo effects of lipopolysaccharide on the Ca ϩϩ -dependent mechanical activity and ryanodine response in isolated sarcoplasmic reticulum membrane vesicles from the mouse diaphragm, demonstrating that Ca ϩϩ release and [3H]ryanodine binding in sarcoplasmic reticulum membrane vesicles of lipopolysaccharide-treated animals were significantly depressed (92) ( Fig. 5 ). Taken together, these data suggest that complex alterations in calcium homeostasis are present in septic skeletal muscle, with evidence that calcium increases in some subcellular compartments and decreases in others. Additional data will be needed to determine whether sarcoplasmic reticulum alterations are important in the pathogenesis of sepsisinduced myopathy and ICU-acquired weakness.
Contractile Proteins
One mechanism by which sepsis reduces skeletal muscle force generation in sepsis is by directly altering contractile protein function. In support of this possibility, we have used permeabilized skinned fiber techniques to examine the force-pCa relationship in respiratory and limb muscles in sepsis (93) . This powerful technique directly assesses the ability of the contractile proteins per se to generate force (mitochondria and the sarcoplasmic reticulum are absent in these preparations). We previously showed that incubation of contractile proteins with either superoxide-generating solutions, hydroxyl radical-generating solutions, or peroxynitrite rapidly leads to loss of contractile protein function, reducing force generation in single diaphragm muscle fibers (94, 95) . Using similar techniques, we found that sepsis also significantly reduces diaphragm (Fig. 6 ) and limb muscle ( Fig. 7) force-pCa relationships (93) . Furthermore, administration of either a superoxide scavenger (i.e., PEG-SOD) or an inhibitor of NO synthesis (N G -nitro-Larginine methyl ester) significantly attenuated endotoxin-induced reductions in muscle contractile protein force generation, providing evidence that free radicals are linked to sepsis-induced contractile protein dysfunction (96) . In addition, TNF-␣ has been shown to decrease tetanic force due to changes in myofilament function (97, 98) .
Taken together, these observations provide substantial evidence that sepsis induces contractile dysfunction at the level of the myofilaments and that free radicals modulate these alterations. Importantly, these reductions in single fiber force generation correlate closely with the observed reductions in musclespecific force generation in intact muscles (e.g., single fiber force generation and intact muscle force generation are reduced to the same degree), and therefore can explain much of the contractile dysfunction in sepsis. Alterations in myofilament function, therefore, represent a major site of involvement in septic myopathy.
Mitochondria
Sepsis is also associated with significant alterations in skeletal muscle mitochondrial function. We and others have demonstrated significant decrements in oxidative phosphorylation in the respiratory muscles in sepsis (99 -101) . For example, in animal studies, we showed that oxidative phosphorylation is impaired in diaphragm mitochondrial isolates with significant reductions in state 3 respiratory rates (99, 100) ( Fig. 8 ). Similar alterations in oxidative phosphorylation have been reported in limb muscle and in human muscle samples from septic patients (102) . We have also found that administration of either a free-radical scavenger (PEG-SOD) or a nitric oxide synthase inhibitor (L-NAME) prevented both endotoxin-mediated physiologic alterations in state 3 respiration as well as depletion and modification of selective mitochondrial proteins, implicating peroxynitrite (the reaction product of superoxide and NO) in the pathogenesis of sepsis-induced diaphragm mitochondrial dysfunction (100) . In addition, sepsis upregulates a mitochondrial-specific NO synthase (mtNOS) and inhibition of inducible mtNOS with melatonin restores mitochondrial function in sepsis (103) (104) (105) . These data indicate that sepsis produces marked alterations in oxidative phosphorylation, reducing mitochondrial ATP-generating capacity and also provide evidence that free radicals mediate mitochondrial dysfunction in septic muscle.
In addition to changes in oxidative phosphorylation, we have shown that sepsis induces selective depletion of several electron transport chain proteins in the respiratory muscles (99) . The reductions in protein content parallel reductions in state 3 respiratory rates, and interestingly, many of these complex subunit proteins contain iron-sulfur centers, which are known to be susceptible to oxidative stress. Sepsis also reduces protein content and physiologic activity of the mitochondrial sarcomeric cre- Figure 6 . Endotoxin alters contractile protein force generation in the diaphragm. Single diaphragm fibers were isolated from control and endotoxintreated animals, followed by permeabilization with Triton ϫ 100 to remove the sarcolemma, sarcoplasmic reticulum, and mitochondria. Fibers were mounted on a force transducer and exposed to a series of solutions containing increasing calcium concentrations. Force per cross-sectional area was determined and expressed in kPa. The pCa is negative log of the calcium concentration (i.e., as pCa decreases, Ca2ϩ concentrations increase). Mean data presenting averaged absolute (Abs) force vs. pCa relationship for diaphragmatic fibers from control (E) and endotoxemic (F) animals. Error bars represent standard error of the mean. As shown, endotoxin significantly decreased contractile force generation in single diaphragm fibers. Reproduced with permission from Supinski et al (93) . atine kinase, the critical enzyme responsible for transmitochondrial ATP transport in skeletal and cardiac muscle. This enzyme is highly sensitive to oxidative stress (106) . As such, decreases in sarcomeric mitochondrial creatine kinase activity would limit restoration of cytosolic ATP stores, limiting contractile performance. Sepsis also downregulates gene expression of several diaphragm electron transport chain subunit proteins and significantly alters the activity of phosphofructokinase, the rate-limiting enzyme in glycolysis (107) . These data provide evidence that sepsis can produce profound alterations in respiratory muscle mitochondrial function.
The reports of sepsis-induced mitochondrial alterations in limb muscle are variable. Whereas Porta et al reported no changes in skeletal muscle oxidative phosphorylation in prolonged endotoxemia (108), Trumbeckaite and Gellerich and colleagues showed significant reductions in complex I/III activity in the vastus lateralis of endotoxin-treated rabbits (109) . Others have shown that, in the CLP model, sepsis decreases complex I activity and ATP levels in hind-limb muscle, mirroring previous findings reported in muscle biopsies from septic patients (77) .
Studies from muscles in septic patients have provided a link between low ATP levels and subsequent death (76) . Other human data reveal depleted muscle levels of reduced glutathione, impaired complex I activity, elevated nitrate/nitrite (indicator of reactive nitrogen species), increased electron paramagnetic resonance-detected radical species, and decreased complex I ironsulfur centers (76, 110) . Fredriksson et al showed that patients with sepsis have decreased mitochondrial content and lower concentrations of energy-rich phosphates in limb muscle biopsies (111) . Recently, this group also reported loss of coordination of key elements of mitochondrial biogenesis and loss of muscle-specific genes accompanied by an oxidative stress response in muscle biopsies from septic patients (112, 113) . These data indicate that sepsis elicits skeletal muscle mitochondrial dysfunction in patients and, importantly, the severity of derangements correlate with multiple organ failure and death. Whether or not these sepsis-induced mitochondrial abnormalities persist and are responsible for ICU-acquired weakness syndromes is not known.
Mechanisms Responsible for Skeletal Muscle Dysfunction in Sepsis
The mechanisms responsible for sepsis-mediated derangements in skeletal muscle function are complex, and many of these processes are likely to be more important at different times in the evolution of sepsis-induced myopathic changes. Processes that have been identified in playing crucial roles in modulating sepsis-induced muscle injury include localized elaboration of cytokines within skeletal muscle, excessive free-radical generation from a number of different sources, enhanced proteolytic degradation involving upstream activation of caspases and calpains, and decreased protein synthesis.
Role of Cytokines
Systemic inflammation is the major factor initiating organ dysfunction in sepsis. Elevated circulating levels of various cytokines and chemokines are present in patients with sepsis and the systemic inflammatory response syndrome (infectious and noninfectious), and the levels of this early cytokine response are predictive of organ failure and mortality. Although this primary cytokine surge is part of the normal immune response, these cytokines initiate secondary responses in organs that propagate tissue damage and dysfunction. There is sufficient evidence to support this scenario in skeletal muscle in sepsis. For example, human skeletal cell cultures constitutively express low levels of proinflammatory cytokines including interleukin-1 and interleukin-6 (113, 114) and exposure of these cells to exogenous cytokines further up-regulates and induces additional proinflammatory cytokines. Furthermore, Shindoh et al reported that TNF-␣ expression increases in the diaphragm muscle after in vivo administration of endotoxin (46) . Others have reported up-regulation of proinflammatory cytokine messenger ribonucleic acid and protein levels in vivo and in vitro for both diaphragm and limb muscles in response to lipopolysaccharide, with exaggerated levels in the diaphragm, suggesting that the respiratory muscles may be predisposed to proinflammatory responses (58) (Fig. 9 ). These data provide evidence that the systemic cytokine response in sepsis results in local amplification of proinflammatory cytokines in muscle.
In addition to these data, there is abundant experimental evidence linking the actions of proinflammatory cytokines to skeletal muscle weakness and wasting in vitro and in vivo (97, (115) (116) (117) . For example, implantation of tumors producing TNF-␣ induces significant atrophy of Figure 8 . Sepsis produces decrements in oxidative phosphorylation in diaphragm mitochondria. Oxidative phosphorylation was assessed in diaphragm mitochondrial isolates from control and endotoxintreated animals. In addition, to determine whether the defects in oxidative phosphorylation were due to changes at the level of the electron transport chain per se, the nicotinamide adenine dinucleotide (NADH) oxidase assay was also performed. A) State 3 oxygen consumption rates for diaphragm mitochondrial isolates taken from (left to right), control animals and groups of animals treated for 12, 24, 36, or 48 hrs with endotoxin. State 3 rates for 24 hrs, 36 hrs, and 48 hrs in endotoxin-treated groups were significantly lower than rates for control animals (*p Ͻ .02). Error bars indicate 1 standard error of the mean (SEM). B) Upper portion of the graph presents rates of NADH, reduced form, consumed per minute per milligram protein for diaphragm mitochondrial isolates taken from control (time zero) and (left to right) samples from animals treated with endotoxin for 12, 24, 36, or 48 hrs. The bottom portion of the graph represents state 3 oxygen consumption rates for diaphragm mitochondrial isolates taken from control and animals treated with endotoxin for 12, 24, 36, or 48 hrs (n ϭ 4 for each group). Error bars represent 1 SEM. NADH oxidase rates for groups treated with endotoxin for 36 or 48 hrs were significantly lower than rates for control animals (*p Ͻ .02 for both comparisons). The time course of reductions in NADH oxidase and state 3 respiraory rates paralleled each other, suggesting that defects in the electron transport chain per se account for most of the reduction in mitochondrial adenosine triphosphategenerating capacity. Reproduced with permission from Callahan and Supinski (99) . the limb musculature (118) . Acharyya et al have shown, in a murine model of colon cancer where interleukin-6 is overexpressed, that muscle wasting is prominent and there is selective down-regulation of specific myofibrillar proteins (119) . Other studies have examined the effect of exposure of isolated muscles (115) or muscle cell lines to TNF-␣ or a combination of cytokines in vitro (98, 119 -122) and found that in vitro exposure (over several hours) to TNF-␣ reduces muscle-specific force without changing muscle mass or protein levels in isolated skeletal muscle bundles, but prolonged exposure of cultured muscle cells to cytokines reduces both cell size and protein content (122) .
Sepsis-Enhanced Free-Radical Generation in Muscle
For several decades, it has been known that free radicals modulate muscle contraction and that alterations in the cellular redox balance of muscle can produce decrements in muscle force generation. A number of outstanding reviews have highlighted the importance of free radicals in redox regulation and pathogenic dysregulation of skeletal muscle performance in a variety of conditions (86, (123) (124) (125) (126) . It is now clear that cytokines elicit excessive generation of free-radical species (including superoxide, NO, peroxynitrite, hydrogen peroxide, and hydroxyl radicals) in multiple organs in response to sepsis including skeletal muscle. There is overwhelming evidence that excessive free-radical generation plays a pivotal role in the induction of sepsis-induced myopathy.
Tissue markers of free radical-mediated protein and lipid modifications, such as malondialdehyde, 8-isoprostane, 4-hydroxynonenol, protein carbonyls, and nitrotyrosine (127) (128) (129) , are increased in skeletal muscle in sepsis. A number of investigations have used two-dimensional electrophoresis, immunoblotting, and mass spectrometry to identify free-radical adduct formation in the diaphragm in response to sepsis and found modifications in multiple proteins involved in mitochondrial bioenergetic function and contractile function, identifying these proteins as intracellular targets of oxidative stress (127) (128) (129) .
In addition to these tissue indices of oxidative stress, there is substantial evidence that free radicals modulate sepsisinduced skeletal muscle contractile dysfunction at several subcellular sites as outlined above. For example, sepsis-induced diaphragm sarcolemmal injury is mediated by excessive NO generation (83) , as administration of a nitric oxide synthase (NOS) inhibitor prevented membrane damage. A number of reports indicate that administration of free-radical scavengers (such as polyethylene glycol adsorbed superoxide dismutase, catalase, or N-acetylcysteine) prevents declines in musclespecific force generation in animal models of sepsis (47, 48, 52, 53) . Furthermore, we have shown that administration of freeradical scavengers also ameliorates sepsisinduced reductions in myofilament function, a major mechanism by which muscle force generation is reduced in sepsis (96) . Sepsis-induced mitochondrial derangements are also free radical mediated (130) as administration of agents that prevent peroxynitrite formation ablates sepsisinduced skeletal muscle mitochondrial derangements (100) .
Data from both animal models and humans showed that sepsis increases proteolysis through the activation of the ubiquitin proteasomal degradation pathway (131, 132) , but no studies have directly linked free-radical generation to activation of the ubiquitin proteasomal degradation pathway in sepsis. However, recent studies demonstrate that free radicals are likely to be involved in upstream activation of caspase and calpain proteolytic pathways, which have now been shown to be important modulators of muscle force generation and catabolism in sepsis. For instance, Jiang et al showed that hydrogen peroxide incubation of C2C12 cells results in caspase 3 activation (133) . In addition, McClung et al have shown that exposure of C2C12 cells to low levels of H 2 O 2 induces myotube atrophy and protein loss via activation of -calpain, providing a link between free radicals and calpain-induced muscle wasting (134) . Recently, studies from our laboratory also provide a link between free radicals, calpain activation, and sepsis-induced respiratory muscle weakness (135) .
There are multiple potential sources of free-radical generation in skeletal muscle and at least three of these sources are important in sepsis-the mitochondria; the sarcolemmal nicotinamide adenine dinucleotide phosphate (NADPH) oxidase; and NOS. Increased skeletal muscle mitochondrial NOS (mtNOS) activity in sepsis has been linked to mitochondrial dysfunction (102, 136, 137) . Others have shown that skeletal muscle mitochondria generate excessive superoxide/hydrogen peroxide in response to sepsis (101, 138) . In addition to mitochondrial sources, Javesghani et al identified a constitutively expressed superoxide-generating nonphagocytic NADPH oxidase in the sarcolemma of the diaphragm, and showed that sepsis induces excessive NADPH oxidase-derived superoxide generation in the diaphragm (139) . Furthermore, in vivo administration of an NADPH oxidase inhibitor, apocynin, ameliorated sepsisinduced reductions in diaphragm-specific force generation, providing additional evidence that activation of NADPH oxidase plays a role in sepsis-induced myopathy (140) . Up-regulation of inducible NOS (iNOS) activity has also been linked to the early decrements in diaphragm-specific force generation, as several groups have shown that inhibition of iNOS partially ameliorates sepsis-induced deficits in diaphragm-specific force generation (83, 141) . These data demonstrate that the mitochondria, the sarcolemmal skeletal muscle NADPH oxidase, and several isoforms of NOS (specifically iNOS and mt-NOS) are important sources of freeradical species in skeletal muscle in sepsis.
There is a paucity of data related to regulation of endothelial NOS (eNOS) and neuronal NOS (nNOS) isoforms in septic muscle. In early sepsis, it seems that eNOS and nNOS do not contribute significantly to the alterations in contractile force generation (129) . However, eNOS and nNOS can generate superoxide when the enzyme becomes uncoupled. It is not known if NOS uncoupling occurs in skeletal muscle or if these NOS isoforms are sources of excessive free-radical generation in sepsis. Interestingly, Capasso et al reported marked reductions in nNOS and eNOS content in muscle biopsies from patients who were diagnosed with critical illness myopathy, suggesting that dysregulation of these NOS isoforms may be important in the pathogenesis of ICU-acquired weakness (142) . Furthermore, Kobayashi et al have recently shown that, in various myopathic models, an exaggerated postexercise fatigue response in skeletal muscle is due to lack of contraction-induced signaling from sarcolemma-localized nNOS, which is responsible for pathogenic disruption of postexercise vasodilatation (143) . This raises the question as to whether or not eNOS-or nNOS-regulated processes are important in sepsis-induced myopathy or sepsis-induced-acquired critical care weakness; future investigations will be required to consider these possibilities.
Sepsis Increases Muscle Proteolysis
It is now widely recognized that enhanced proteolytic degradation occurs in many forms of muscle wasting including disuse, cancer, nutritional deprivation, fasting, uremia, immobilization, and sepsis. Numerous studies have shown that several components of the proteasome proteolytic degradation system (atrogin, other E-3 ligases, the 20S proteasome subunit, etc.) are up-regulated in skeletal muscle in both infected patients and in animal models of systemic inflammation (62, 131, 132, 144, 145) . This led to the concept that infection or inflammation produces generalized skeletal muscle protein degradation and that reductions in skeletal muscle force generation can be explained entirely by proteasomalmediated protein loss. However, the proteasome cannot degrade intact myofibrillar proteins. Furthermore, proteolysis in muscle requires an initial step that disrupts the contractile matrix due to activation of either calpain or caspase, or both, followed by a second step whereby disrupted proteins undergo ubiquitin conjugation followed by proteasomalmediated degradation (63) . A number of reviews provide further details regarding the role of the proteasome in muscle wasting (59, 60, 146) . The following paragraphs, therefore, will focus on the involvement of caspase and calpain activation in sepsis, as studies indicate that activation of these upstream proteolytic processes are particularly important in sepsis-induced contractile dysfunction.
Sepsis Activates Caspase in Skeletal Muscle
Almost a decade ago, Hotchkiss et al provided evidence for caspase 3 activation in human tissues from patients with sepsis (147) . An extensive literature now exists regarding the role of caspase 3-mediated apoptosis of lymphocytes in modulating the immune response in sepsis. Recently, Du and colleagues identified a role for caspase 3 activation in muscle wasting syndromes (148) . It is important to realize that caspase 3 activation can occur through the intrinsic (mitochondrial) pathway, which involves activation of caspase 9 and subsequent release of cytochome c from mitochondria, with subsequent apoptosis. In addition, caspase 3 can be activated through extrinsic (nonmitochondrial) pathways, including the death receptor-linked caspase 8 pathway, and produce cellular damage without apoptosis (149 -151) .
To our knowledge, the only studies that have evaluated the role of caspase activation in the respiratory muscles in sepsis were performed in our laboratory (54, 152) . We discovered that endotoxin administration markedly increased caspase 3 activation in the diaphragm (54) (Fig. 10 ). In addition, diaphragmspecific force generation fell progressively over time in response to endotoxin with 50% reductions in force after 24 hrs. Administration of a broad-spectrum caspase inhibitor, Z-Val-Ala-Asp(OCH3)fluoromethylketone (zVAD-fmk), or a se-lective caspase 3 inhibitor, N-acetyl-Asp-Glu-Val-Asp-al (DEVD-CHO), ameliorated the effects of endotoxin-induced diaphragm weakness (Fig. 11 ). Importantly, caspase 3 activation preceded declines in diaphragm-specific force generation and reductions in diaphragm force generation occurred without decreasing diaphragm mass or protein content, indicating that contractile dysfunction precedes muscle wasting in sepsis. In follow-up studies, we found that activation of the extrinsic pathway via caspase 8 is the principal upstream pathway responsible for decrements in sepsis-induced contractile dysfunction in the diaphragm (152) . These data show that activation of caspase 3 via the extrinsic pathway significantly contributes to the early contractile protein dysfunction in sepsis (54, 152) .
Whereas the above studies indicate that caspase activation via the extrinsic pathway is important in the genesis of sepsis-induced muscle weakness, it is also possible that activation of the intrinsic pathway may play some role in skeletal muscle dysfunction in sepsis. For example, a number of studies that have examined cardiac function in sepsis suggest that mitochondrially mediated apoptotic pathways are important in the genesis of cardiac contractile and mitochondrial dysfunction (153, 154) . Because sepsis increases skeletal muscle mitochondrial free-radical generation and induces profound physiologic derangements in mitochondrial function, it is reasonable to postulate that the instrinsic pathway of caspase activation is also critically important in sepsis-induced skeletal muscle dysfunction. Future studies are needed to elucidate additional roles for caspase activation in sepsis-induced myopathy and prolonged ICU-acquired weakness.
Sepsis Activates Calpain in Skeletal Muscle
There is extensive evidence that calpain activation is involved in muscle atrophy including sepsis-induced muscle wasting (61) . Calpains are calciumdependent cysteine proteases and the two most characterized isoforms in skeletal muscle are -calpain and m-calpain. Although the regulation of calpain activity is complex, calcium is known to be the most important activator of calpain; however, calpain activity is also regulated by the endogenous inhibitor, calpastatin. In skeletal muscle, calpains participate in sarcomeric protein release by cleaving cytoskeletal elements, such as titin and nebulin, which anchor contractile elements. In support of the role of calpain activation in sepsis, Bhattacharyya et al showed that muscle calpain activity was increased in rats undergoing CLP (155) . In addition, in limb muscle, sepsis increases gene expression of -calpain and m-calpain, disrupts Z bands, enhances release of myofilaments from myofibrillar proteins, and inhibits calpastatin activity (156, 157) . These observations support a role for calpain activation in sepsisinduced muscle wasting.
On the other hand, despite the numerous reports of the effects of calpain activation on muscle wasting in sepsis, none of these studies have addressed the possibility that calpain activation might be important in mediating muscle contractile dysfunction in sepsis. To examine this critical issue, we recently performed studies and found that endotoxin significantly increased diaphragm calpain activity, protein levels of active -calpain and active m-calpain (the autocatalytic product of calpain activation), levels of calpain-specific talin degradation products, and reduced diaphragm-specific force generation (135) . Importantly, administration of a calpain inhibitor prevented endotoxin-induced calpain activation and attenuated reductions in diaphragm specific force generation (Fig. 12 ). We also determined if free radicals participate in modulating calpain activation in the respiratory muscles in sepsis, and found that administration of a superoxide scavenger ablated endotoxin-induced calpain activation, providing a link between sepsis-induced free-radical generation, calpain activation, and reductions in specific force generation in skeletal muscle (135) .
Although these data provide evidence for the role of calpain in sepsis-induced muscle weakness and wasting, there are several other aspects to consider. For example, traditionally it has been thought calpains are localized in the cytosolic compartment, but Badugu et al have recently reported that -calpain is also present in the mitochondrial intermembrane space (158) . Whether or not mitochondrially localized -calpain participates in sepsis-induced mitochondrial dysfunction has not been examined. In addition, calpains are thought to be critical for localized remodeling of the cytoskeleton after plasma membrane damage and essential for muscle regeneration and growth (159, 160) . Therefore, one must consider that, although calpain inhibition clearly retards sepsis-mediated reductions in muscle contractile function and loss of muscle mass, nonspecific calpain inhibition in the later stages of septic myopathy may be less effective and could theoretically impair recovery of muscle function. This highlights the importance for understanding of the detailed mechanisms underlying skeletal muscle weakness and atrophy in sepsis. Calpain inhibition improves diaphragm-specific force generation in endotoxininduced sepsis. Mean diaphragm force-frequency curves comparing control animals, endotoxintreated animals (24 hrs), animals given both endotoxin and calpain inhibitor III, and animals given calpain inhibitor III alone. Force generation was significantly lower at stimulation frequencies from 10 to 150 Hz for diaphragms from lipopolysaccharide (LPS)-treated animals (filled circles) than for control animals (open squares). Diaphragms from animals given both calpain inhibitor III and lipopolysaccharide generated forces significantly higher than diaphragms from animals given endotoxin alone for frequencies from 50 to 150 Hz. Force generation for muscles taken from animals given calpain inhibitor III alone were similar to levels for control animals. *Significant statistical difference between control and endotoxin; #statistical significance between endotoxin and endotoxin plus calpain inhibitor III groups. Reproduced with permission from Supinski and Callahan (135) . Figure 11 . Inhibition of caspase 3 restores diaphragm-specific force generation in sepsis. Mean diaphragm force-frequency curves comparing control animals, endotoxin-treated animals (24 hrs), animals given both zVAD-fmk (a broad spectrum caspase inhibitor) and endotoxin, and animals given DEVD-CHO (a selective inhibitor of caspase 3) and endotoxin. DEVD-CHO was equivalent to zVAD-fmk in preventing endotoxin-induced reductions in diaphragm force (not significant for comparison of DEVD-CHO plus endotoxin and zVAD-fmk plus endotoxin group forces at all frequencies). *Statistical difference compared with controls. LPS, lipopolysaccharide. Reproduced with permission from Supinski and Callahan (54) .
Nevertheless, promising data are emerging indicating that use of more targeted calpain inhibitors in other myopathic syndromes may be highly effective, and future studies are needed to examine the utility of such agents in sepsis.
Sepsis Decreases Skeletal Muscle Protein Synthesis
Sepsis produces a net effect of loss in muscle mass, and as much of this has been attributed to enhanced proteolytic degradation, it is also important to note that sepsis clearly alters protein synthesis in skeletal muscle (161) . For example, Vary et al have shown that protein synthesis is decreased by 50% in hind-limb muscle of septic animals (162) . In addition, sepsis preferentially inhibits synthesis of both myofibrillar and sarcoplasmic proteins in fast muscle and, in severe sepsis, decreases overall muscle protein synthesis regardless of fiber type composition (162) . The majority of the work that has examined alterations in muscle protein synthesis in sepsis has identified that the major point of control is at the level of translation initiation via effects which lower the amount of eIF4G bound to eIF4E (161) . Studies by Vary et al identified a cytokine-dependent decrease in the steady-state phosphorylation of eIF4G during sepsis, with additional findings suggesting that interleukin-1␤ is the proinflammatory mediator responsible for these reductions (163) . In addition, sepsis decreases mammalian target of rapamycin phosphorylation, and imparts leucine resistance in skeletal muscle by mechanisms that have not been clearly identified, but which seem to be independent of effects mediated by insulin and insulin-like growth factor (161) . Despite the fact that much more attention has focused on the proteolytic aspects of sepsis-induced muscle wasting, these data provide important information regarding the complexity of this process. A more thorough understanding of the mechanisms involved in regulation of skeletal muscle protein synthesis in sepsis is essential, as this information is likely to provide significant insights into aspects related to muscle remodeling, particularly as it relates to recovery of muscle function after sepsis.
Implications and Future Directions
Sepsis (including septic shock, systemic inflammatory response syndrome of infec-tious and noninfectious etiologies, multiple organ failure) is a major cause of mortality and long-term morbidity in ICU patients. Sepsis induces a myopathy involving both the respiratory and limb muscles. Persistence of these sepsis-induced myopathic alterations likely contributes significantly to ICU-acquired weakness. In the past, our clinical approach to weakness and wasting has been to support these patients with adequate nutrition and physical therapy, hoping that this will result in functional recovery, but it is clear that this approach has not impacted the prevalence or outcome of patients who develop ICU-acquired weakness. Perhaps this is because we have not addressed the role of many other important factors.
Further basic science research is required to elucidate the pathologic sequences involved at the cellular level as well as their interactions and importance at different stages in the evolution of sepsis-induced contractile dysfunction, muscle wasting, and bioenergetic failure. Investigations into the mechanisms involved in recovery of muscle function after injury are also needed. This should provide key information for developing specific muscle-targeted and/or organelle-targeted pharmacologic therapies to prevent ICU-acquired muscle dysfunction and to expedite recovery. In addition, clinical trials should systematically incorporate the best scientific evidence and make use of the best diagnostic tools to critically address these issues in our patients. Finally, timing of therapeutic interventions will be crucial. By using such approaches, we will be poised to develop rational therapies for prevention and treatment of ICU-acquired myopathies.
